The permeability of intact marble samples collected from the depth of 1.6 km in southwestern China is investigated under moderate confining pressures and temperatures. No microcracks initiate or propagate during the tests, and the variation of permeability is due to the change of aperture of microcracks. Test results show a considerable decrease of permeability along with confining pressure increase from 10 to 30 MPa and temperature increase from 15 to 40 ∘ C. The thermal effect on the permeability is notable in comparison with the influence of the stress. A simple permeability evolution law is developed to correlate the permeability and the porosity in the compressive regime based on the microphysical geometric linkage model. Using this law, the permeability in the compressive regime for crystalline rock can be predicted from the volumetric strain curve of mechanical tests.
Introduction
The transport properties of rocks are of significant importance for many topics of earth sciences, for example, exploration and production of hydrocarbons, oil/gas storage in deep cavern, and high-level radioactive nuclear waste geological disposal [1] [2] [3] [4] ; they are also vital to understand the fundamental geologic processes such as heat and mass transfer, earthquake, and metamorphism [5] [6] [7] [8] [9] . Permeability is a key parameter to describe the transport properties of materials and it can be measured using different methods, for example, steady method and pulse-test [10] . Due to Klinkenberg effect, the measured apparent gas permeability for tight rock is often different from the intrinsic permeability, which is related solely to the pore geometry (e.g., porosity, pore shape, and pore-size distribution) of the rock and is independent of the properties of the fluid. In the following texts, the term permeability is used to represent intrinsic permeability for brevity.
Several factors, for example, stress level, chemical effects, and temperature, can influence rock permeability by changing the pore geometry of the material [11] [12] [13] [14] [15] [16] [17] . These factors can significantly change the permeability of rock sample. For instance, Souley et al. [18] , Schulze et al. [19] , Jiang et al. [20] , and Chen et al. [4] investigated the permeability change due to mechanical loading, and they found that the microcrack growth can result in an increase of permeability for 3∼5 orders of magnitudes. Many studies focused on the thermal effects on rock permeability subjected to high temperatures (>100 ∘ C) [13, [21] [22] [23] [24] . For instance, Zharikov et al. [23] studied the permeability of amphibolite collected from Kola surface, Kola superdeep borehole (at depth of 11.4 km), and KTB borehole (at depth of 3.8 km) at temperatures up to 600 ∘ C. It was found that the permeability decreased first and then reincreased while the temperature exceeded 300 ∘ C during heating at low confining pressure . Microstructure investigations and analysis showed that the increase of rock matrix compressibility reduces the microcracks apertures from 100 to 300 ∘ C, and it leads to the decrease of the permeability. While temperature was higher than 300 ∘ C, the intensive microcrack generated by heat cracking at mineral grain boundaries was responsible to the increase of the permeability.
Compared with the extensive studies on permeability evolution in the dilatant regime and high temperatures which can result in generation and propagation of microcracks, few [25] , long-term performance of an underground nuclear waste repository constructed in crystalline rock [3] , weathering action of building claddings, and historical monuments due to seasonal temperature changes [26] . In this study, the transport properties of intact marble collected at depth of 1.6 km are measured under moderate temperatures and confining pressures. To explain the experimental results, a simple formula correlating permeability with porosity is proposed based on a penny-shaped crack linkage model. The applicability of the formula is verified against the measured results. The results of mineral X-ray diffraction show that the material consists of calcite (8.6% in weight), dolomite (91.0%), and mica (0.4%) [27] .
Tested Material and Experimental Procedure
The microstructure of the material has been investigated using optical microscopy and scanning electron microscopy (SEM). From the optical images examined under plane polarized light (Figure 1 
Experimental Procedure.
The steady-state gas flow method is employed to investigate the transport property of the intact marble. The inlet gas pressure is maintained during the permeability test and the outlet pressure is the atmosphere pressure. A high-precision bubble gas flow meter is used to measure the flow rate of the outlet gas. The temperature is controlled using a heating system mounted around the sample cell. To seal the sample, a thin inner casing (nitrile butadiene rubber, thickness 0.3 mm) and a thick outer casing (thick Viton jacket, thickness 7 mm) are coated to prevent the oil from leaking into the sample. The likelihood of bypass flow that could take place at the interface between the sample and the inner casing may enlarge the flow rate substantially for tight rock [26] . In this study, liquid silica rubber (LSR) is used to stick the sample and inner casing together to eliminate the bypass flow.
Before permeability tests, the specimens were dried at 105 ∘ C in a vacuum oven for 24 hr. The sample D20 was tested under the hydrostatic pressures of 10, 20, and 30 MPa at room temperature (16 ∘ C), while the sample D30 under the constant pressure of 20 MPa was tested at the successively increasing temperature, that is, 15, 30, and 40 ∘ C. Several gas pressure levels were chosen to estimate the possible Klinkenberg effect.
When the gas permeability measurement is finished, the sample D20 was then put in MTS to measure the volume strain under the same mechanical loading conditions. Note that the low hydrostatic stress will not induce any damage of the sample.
Experimental Results
The steady gas flow velocity and the corresponding test conditions of the samples D20 and D30 are listed in Tables  1 and 2, respectively. Due to small pore size, Klinkenberg effect could not be ignored during gas permeability measurement. Klinkenberg in 1941 found that the permeability of a medium to gas is higher than that to liquid, and he attributed this phenomenon to "slip flow" between gas molecules and the pore wall surfaces. In Darcy flow, the collision between molecules and pore walls is negligible, and the flow velocity of the liquid is approximated as zero on the pore walls. However, the additional flux due to gas flow at the wall surfaces effectively increases as the pore radius approaches the mean free path of the gas molecules [2, 29] . This effect is expressed as follows:
where is the average pore pressure and is the Klinkenberg coefficient, which is related to pore geometry only. The average pore pressure is often considered as the mean value of the inlet and outlet pressures and (1) can be expressed as follows:
where 0 and are the inlet and outlet pressures, respectively.
The use of ( 0 + )/2 in (2) is a rough estimation of the average gas pressure in the sample. Wu et al. [30] developed an analytical solution to estimate the permeability that incorporates the Klinkenberg effect. This solution is applicable when the sample temperature equals to the ambient air temperature. For tests performed on the sample D30, the sample temperature is different from the ambient air temperature, and the solution of Wu et al. [30] can be extended into V,
where (m) and (m 2 ) are the length and cross-sectional area of the test sample. and V, (m 3 /s) are the room temperature and the volumetric flux under room conditions. is the gas viscosity (Pa⋅s). is the sample temperature. During testing, the outlet pressure is kept constant while 0 is varied and V, is measured. Then, and are evaluated by fitting results according to (3) . Figure 3 illustrates the fitting curves in which = V, / ( 0 − ) is plotted against = ( 0 + )/2. equals the slope of the fitting line and is the value of intercept. The permeability, Klinkenberg coefficient, and correlation coefficient 2 are listed in Table 3 . The results show that the Klinkenberg coefficient ( ) increases as the permeability 
Microphysical Model and Test Results Analysis

Microphysical Model.
A significant number of studies have focused on developing the permeability evolution law in the dilatant regime based on percolation theory [32] [33] [34] or linear elastic fracture mechanics [35] . Little attention has been paid to permeability evolution in the compressive regime. In this study, the measured outflow of gas indicates the preexistence of linkage network of cracks in the samples. The variation of permeability during compression is due to the change of crack apertures. Dienes [32] employed the continuum-averaging method and Poiseuille's law for laminar flow between parallel plates to develop an analytical result for the permeability tensor of rock intersected by isotropically distributed penny-shaped cracks. The permeability tensor is isotropic and is expressed as follows:
where accounts for the deviations of the crack shape from a uniform lamina, containing the drag effects of crack shape, crack end, and the roughness, is the mean aspect ratio ( / , where is the mean crack half aperture (m) and is the mean crack radius (m)) of the cracks, and 0 denotes the number of cracks per unit volume that are not isolated. Suppose the porosity ( ) of rock sample is composed of penny-shaped cracks which were due to rock damage during tectonic processes, sample collection, preparation, and so forth. It can be estimated from the mean crack aperture, radius, and spacing as follows [36] :
where is the mean crack spacing (m) and is the volumetric shape factor giving the deviation in volume from the ideal penny-shaped crack, defined as (real crack volume)/(ideal penny-shaped crack volume).
The connection between the permeability and the porosity ( ) is easily obtained from (4) and (5):
In the compressive regime, the values of 0 , , , and in (6) remain unchanged because no new microcrack initiates and propagates. The value of may change during compression. However, considering the averaging effect of many cracks, is assumed to be constant here. Therefore, the
3 is considered as a constant during compression, and it is defined as , which has no relations to the apertures of cracks. So, (6) can be written as
Equation (7) establishes the relationship between the permeability and the porosity ( ). It should be noted here that when crack propagates or new crack initiates, the value of is no longer a constant.
Test Results Analysis.
It is impossible to measure the porosity directly during testing. However, the value of porosity ( ) can be estimated from the initial porosity 0 , volumetric strain V , and mineral compressibility :
So, (7) can be written as
It can be seen from (9) that the intrinsic permeability decreases following a cubic relationship as the compressive volumetric strain increases.
The solid line in Figure 4 presents the volumetric strain of sample D20 as pressure increases. In (9), the compressibility ( ) of dolomite can be obtained from its bulk modulus [37] , and its value is 1.06 × 10 −5 /MPa. The compressive volumetric strains ( V ) at 10 MPa, 20 MPa, and 30 MPa are obtained from the volumetric strain curve in Figure 4 , and they are V10 = 0.00071, V20 = 0.0011, and V30 = 0.0013, respectively. Combining the permeability test results ( in Table 3 ) at 
The initial porosity 0 determined from (9) is close to the intrusion test results (0.17% and 0.14%). Equation (9) can be used to predict variation of rock permeability from the variation of volumetric strain. The estimated permeability curve for D20 is plotted against volumetric strain in Figure 4 as the dot line. It should be noted that the linear Hook's law should not be applied to calculate the volumetric strain because the permeability variation law is based on the variation of crack aperture other than the elastic deformation of matrix. Replacing in (7), the porosity can be estimated and it decreases from 0.13% to 0.09% as the pressure increases from 10 MPa to 30 MPa; the decrease range is 31%.
For D30, the permeability variation with temperature can be estimated by replacing the term in (9) with ( − 0 ), where is the thermal expansion coefficient of the mineral;
and 0 are the current temperature and initial temperature. In the current test, the volumetric strains are not measured at different temperatures. So, the parameters cannot be obtained from the test results of D30. Supposing that samples D30 and D20 have the same value of , which means that cracks in both specimen follow the same distribution, the variation of porosity with temperatures can be roughly estimated from (7), as shown in Figure 5 . The results show that the porosity decreases from 0.13% to 0.07% as the temperature increases from 15 ∘ C to 40 ∘ C; the decrease range is 44%. Equation (5) shows that the mean crack aperture (2 ) changes linearly with the porosity. Thus, the mean aperture also decreases 44% as temperature increases from 15 ∘ C to 40 ∘ C. The porosity change due to the thermal effect is also found by Sun et al. [38] , who found that the porosity of granite decreases (from 0.88% to 0.75%) as temperature increases (from 25 ∘ C to 50 ∘ C) in the moderate temperature range. Comparing with the influence of the moderate pressure on the permeability presented above, the thermal effect on the permeability is notable and it should be taken into account into the estimation of the transport properties of intact rock.
Conclusions
The steady state method is used to study the permeability of The permeability evolution law in the compressive regime is studied based on a geometric model of the pennyshaped crack distribution. The analytical result shows that the permeability decreases following a cubic law. The initial porosity of the marble estimated from the permeability tests is 0.19%, which is close to the results of the mercury intrusion porosimetry (0.14% and 0.17%). The analytical results show that the porosity decreases from 0.13% to 0.09% as the pressure increases from 10 MPa to 30 MPa, and from 0.13% to 0.07% as the temperature increases from 15 ∘ C to 40 ∘ C. From the permeability evolution law, the permeability for crystalline rock in the compressive regime due to moderate pressure and temperature can be estimated from the volumetric strain curve. The proposed permeability variation law will be furtherly verified to investigate the effect of moderate stress and temperature on the transport properties of host rock of underground nuclear waste repository in the future.
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